Strategies for mapping quantitative trait (QT) loci (QTL) need special studies in species where inbred lines cannot easily be obtained. We propose the detection of QTL with schemes including several full-sib families and study here the efficiency of such schemes -diallel, factorial, cyclic or single-pair mating designs -for a varying number of parents, on the basis of the power of tests for QTL detection. We considered a single, fully informative marker completely linked to the QTL. The tests proposed for QTL detection are based on linear additive models. The results show that for a given number of parents, in given conditions, the mating design has no effect on power. It increases as the total number of individuals genotyped increases. The number of parents affects the power of QTL detection insofar as the effect of substituting QT alleles varies from one parent to another and as some parents can be homozygous at the QTL: with only two parents QTL detection is often less powerful than with more parents. The size of the genetic effects that can be detected with a given power decreases as the number of parents increases from two to six and is quite stable for more than six parents. If QTL heterozygote frequency in the base population is high enough (greater than 0.2) mating designs with six parents should give a good sample of variance attributable to QTL and allow the detection of QTL with reasonable power.
Introduction
Quantitative phenotypic traits in many living creatures show continuous variation as a result of environmental and multiple gene actions. These genes are located at loci called quantitative trait (QT) loci (QTL) that generally cannot be identified or mapped on the basis of quantitative variation only. An indirect approach to the problem was proposed by Sax (1923) : QTL can be detected when they cosegregate with marker loci.
The first QTL mapping experiments using linkage maps were performed on F2 or back-cross (BC) populations derived from inbred lines, in tomato and maize (e.g. Tanksley et al., 1982; Edwards et a!., 1987) and then in other species where inbred lines are easy to obtain [barley (Barua et al., 1993) , rice (Wang et a!., 1994) and soybean (Concibido et al., 1994) ]. Strategies for QTL mapping in populations derived from inbred lines have been studied theoretically by many authors (Soller et a!., 1976; Weller, 1986; Lander & Botstein, 1989; Soller & Beckmann, 1990; Luo & Kearsey, 1991; Haley & Knott, 1992; Martinez & Curnow, 1992; Kearsey & Hyne, 1994) .
These strategies must be adapted, however, for species where inbred lines are difficult to obtain such as animal species, fruit and forest trees or selfincompatible plant species. Two types of strategy have been proposed so far: F2-like strategies and BC-like strategies. In the former, the population studied is an F2 segregating family produced by the cross of two full-sib individuals. The F0 parents are chosen to be very different for the phenotypic trait studied so that they can be supposed to be homozygous at the QTL, with different alleles (Beckmann & Soller, 1988; Knott & Haley, 1992; Williams & Neale, 1992; Haley et a!., 1994) . In the latter, segregating families come from parents supposed to be heterozygous at the QTL. The families can be one or more half-sibs (daughter and grand-daughter designs; Weller, 1990; Williams & Neale, 1992) or a full-sib family (double pseudo test cross; LeonardsSchippers et a!., 1994) or many independent full-sib families coming from a random mating population (Soller & Genizi, 1978; Knott, 1994) or full-sib 156 families related in a hierarchical structure (Götz & Ollivier, 1992) .
Mating designs like diallel or factorial designs are suitable for estimating genetic parameters such as additive and dominance variance and heritabilities.
At the beginning of forest tree improvement programmes, they are often used for this purpose (Stonecypher & McCullough, 1986; Pichot & Teissier du Cros, 1989) . In many species, they are also used to select the genotypes that will be crossed to produce improved populations, on the basis of their general combining ability (gca). Cyclic and singlepair mating designs are used to produce recombined genotypes that candidate for selection. If one plans to use full-sib families produced in a mating design to detect and map QTL, should one use one family or more? If the answer is several families, should they be independent or related? These questions can be answered on the basis of the power of tests for QTL detection.
Statistical methods used to detect QTL generally suppose that QTL act on the phenotypic trait mean. In the simpler approach (see e.g. Soller et al., 1976) , marker genotypes are considered as factors in a one-way ANOVA, and the test for significance of this factor is the test for the presence of a QTL in the vicinity of the marker locus. This method, however, gives no information on the real position of the QTL and confuses its quantitative effects with its distance from the marker. More elaborate methods using flanking markers, either with a log-likelihood approach (Lander & Botstein, 1989) or a multiple regression approach (Knapp, 1991; Haley & Knott, 1992; Martinez & Curnow, 1992; Jansen, 1993; Moreno-Gonzalez, 1993; Rodolphe & Lefort, 1993; Zeng, 1994) allow separate estimation of QTL positions and effects. They have a greater power, particularly when the molecular map is sparse (RebaI et a!., 1995) . Moreover, in cases of tightly linked QTL, the multiple regression approach using more than the flanking markers should enable the avoidance of false localization and have a greater power than ANOVA or methods using only the flanking markers. However, the different structures of segregating populations should affect power in the same way whatever the methodology of QTL detection used. Consequently, power can be calculated assuming that ANOVA tests will be performed. In a cyclic design with p parents, each parent is crossed with only two other parents, and serves as a male or female so that the crosses form a chain: parent 1 is crossed with parent 2, 2 with 3, 3 with 4, etc., and p with 1. In a single-pair design with p parents, each parent is crossed with only one other parent so that p/2 full-sib families are produced. The cyclic and single-pair designs are used essentially to produce individuals that are evaluated for themselves and give little information on the parents.
In diallel, factorial and cyclic designs, the full-sib families are related, when they share a common parent, whereas in single-pair designs they are unrelated, unless the parents are related. or i2j2, and Ci,Jbk is the residual error term with variance a2. The gca1 effect of parent i is the sum of the means of the effects of its alleles at all QTL affecting the trait studied. The error comprises the effects of other segregating QTL and an environmental effect. It should be noted that the QTL effect is nested in the gca effect.
Matrix notation
Classical constraints were applied to the gca parameters, depending upon the mating design studied (see Table 1 ), to determine the models. With a matrix notation, they can be written as follows: Graybill, 1976, p. 194) .
Under H0, W follows a central F distribution with (p, N-k) d.f., whereas under H1 it is distributed as a non-central F random variable with (p, N-k) d.f. and a non-centrality parameter )L. H0 is rejected if W F,,Nk). The non-centrality parameter can be calculated from the following formula: Graybill, 1976) .
Power calculations
The power of a test is defined as the probability of rejecting the null hypothesis when its alternative is true. In our case, the power is the probability of detecting a QTL near the marker when it exists. An expression for the power of the test is
So the power is a function of the total number of individuals studied, N, the number of parents, p, the significance level, chosen, and the non-centrality parameter ), which depends on the mating design.
With algebraic calculations, the )L parameter could be expressed as a function of N, a2 and /32 for each mating design studied (see Appendix and Table 1) . For these calculations, we assumed that all genotypic classes in a family have the same number of individuals.
Before any experience, QTL effects are unknown. We fixed the variance attributable to QTL effects in the base population, aQTL, to 10 and let a2 vary to simulate QTL which explain a variable part of the phenotypic variance. To express the results, we will consider the more classical parameter 'explained phenotypic variance' (EPJ/) which is C2QTL1(aTL + cr2): this is in fact the within-family phenotypic variance explained by QTL effects. To choose the values of q, we considered that they are related to aTL by the 
Single-pairs When the QTL is multiallelic, parents homozygous at the QTL are rarer, and different heterozygous parents have different QTL effects. In this case, QTL effects were simulated using a normal distribution with mean 0 and variance 10.
We developed FORTRAN 77 programs using NAG routines (Numerical Algorithms Group, 1992) to perform all the calculations.
Results Table 1 shows that for all mating designs, the non-centrality parameter ). could be expressed as Powers were calculated for different values of p, N, a2 and c. To take into account the fact that tests are performed all along the genome, the significance level per test should be set at between approximately 1 per cent and 0.1 per cent depending upon the density of the map (RebaI et al., 1995) . However, the influence of p and EPV on power are similar whatever the significance level chosen, so we present results obtained with fixed to 1 per cent.
B/a/fe/ic QTL Table 2 presents the power of QTL detection as a function of p, EPV, N and He when a biallelic QTL is considered. If p is fixed, the power increases as EPV and/or N increase, which is usual, and tends to a limit. This limit is Pr(H>0): in fact, when EPV and N are high enough, power conditional on H (the number of heterozygous parents effectively involved in the crosses) is 100 per cent unless H = 0, in which case power is null. The limit Pr(H>0) increases when p and/or He increase. But when He = 0.2, the limit, and consequently the power when EPV and N are high, increase markedly and regularly as p increases, whereas when He = 0.5, the limit increases by 25 per cent from two to 12 parents, but is quite similar with four, six or 12 parents.
We calculated the minimum genetic effect sizes detectable with 90 per cent power when N is fixed to 300. When He = 0.2, 90 per cent power is reached only with 11 parents or more. With six parents for example, the maximum power is about 75 per cent (Table 2 ). When He = 0.5, 90 per cent power is reached only with four parents or more, and the minimum genetic effect detected with this power is the same whatever the number of parents, e.g. 13 per cent with four parents, 11 per cent with five, 10 per cent with nine and 12 per cent with 14 parents. We investigated the influence of N on the size of the minimum detectable genetic effect with 90 per cent power, with p fixed at 6 and He fixed at 0.5. From 100 to 300 individuals, it decreased sharply, from 29 per cent to 10 per cent; it then fell more slowly, reaching 4.1 per cent with 1000 individuals, and decreasing only very slowly when N increased above 1000. We also calculated the population size required to detect an effect explaining 1 per cent of within-family phenotypic variance with a significance level of 5 per cent and a power of 90 per cent: for six parents, the population size is '-2500; for between six to 18 parents it does not vary much, and increases slightly for more than 20 parents.
Mu/tia//elic 0 TL Table 3 presents the power of QTL detection as a function of p, EPV and N when a multiallelic QTL is considered. Again, if p is fixed, the power increases with EPV and/or N, but it always tends to 100 per cent. Moreover, p has a minor effect on power; the highest variations in power caused by p, when EPV and N are fixed, are about 40 per cent, ranging from 10 to 50 per cent. The effect of p on power results from variation in the estimation of EPV with the parents sampled because all potential parents are heterozygous at the QTL, though with variable QTL effects. p also influences the minimum genetic effect sizes detectable with 90 per cent power when N is fixed at 300: this effect decreases from 24 per cent with two parents to 15 per cent with four parents and is quite stable with more than that, e.g. 14 per cent with five, 13 per cent with nine and 14 per cent with 14 parents.
Discussion
We considered a fully informative marker, giving rise to four genotypic classes in each family. If any classes were confused, then power would decrease. Many alleles are necessary to obtain a fully informative marker for crosses between several parents. It is impossible for isoenzymes or restriction fragment length polymorphisms to give many alleles regularly but this may be only a technical limit when the parents chosen are unrelated and not inbred. Microsatellite techniques could give enough alleles, but at higher cost. On the other hand, the use of all of the markers in a linkage group should make it possible to estimate the probabilities, for each individual, of belonging to each of the four genotypic classes of its family at each point of a chromosome. Haley et a!. (1994) showed that in an outbred pedigree with a flanking marker method, this approach can partly overcome the loss of power because of partially informative markers. It should also be true for schemes like the ones we are studying here.
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Calculating the non-centrality parameter 2 we replaced the number of individuals per genotypic class by its expectation under the assumption that all families and all genotypic classes in a family contain the same number of individuals. Because the QTL effect tested is nested in the gca or family effect, for a given number of parents under the given conditions the different mating designs studied are equivalent. So, in planning QTL mapping experiments one should choose mating designs that give enough individuals per family to estimate recombination rates between markers accurately. This should produce at least one individual per genotypic class. Moreover, with some simulations, we verified that the fluctuations in the number of individuals per genotypic class (with a constant number of individuals per family) have little consequences on power (data not shown). We supposed that the recombination rate between the QTL and marker locus was zero. As stated by Soller et a!. (1976) In our statistical model we introduced only additive effects at the QTL and between-family levels. Dominance effects could be added at the betweenfamily levels if dominance is known to exist: this would reduce within-family variance and consequently increase power. At the QTL level, adding dominance parameters would lead to complicated calculations. RebaI & Goffinet (1993) demonstrated that at the QTL detection step, it is better to neglect dominance if it is not very large. Moreover, de Vienne et al. (1994) suggested that dominance and epistasis can be very important at the molecular level, i.e. for quantitative traits like mRNA or protein amounts, but with integration at higher levels, i.e. for macroscopic traits whose values vary in direct ratio to the metabolic flux, as more and more genes have an effect, dominance and epistasis become negligible. Consequently, for quantitative traits considering an organism as a whole, QTL effects will be mainly additive. All this justifies neglecting dominance (and epistasis) at the QTL level.
Power calculations were made assuming two types of QTL, biallelic and multiallelic. So what type of QTL can be assumed? Evidence of the existence of more than two QT alleles has been recently reported in the diploid potato (Van Eck et a!., 1994) and loblolly pine (Groover et aL, 1994) . However, an infinite number of QT alleles, like those we simulated for multiallelic QTL, is impossible; the real case is between the two models of QTL studied. The number of QT alleles is probably low if the population the parents come from was founded with a limited number of genotypes and/or underwent endogamy for many generations. This corresponds roughly to races of domestic animal species and fruit tree species. On the contrary, the number of QT alleles is probably large in natural populations if they are selectively neutral. Forest tree breeding populations, recently founded from many genotypes, could reveal many QT alleles. Anyway, the levels of power obtained with the two models are similar under the given conditions, except when the power reaches its limit in the case of a biallelic QTL. So our conclusions should be valid for any type of QTL: for two, three, or many alleles. For a biallelic QTL, the power is limited clearly under 100 per cent when the probability that all parents chosen are homozygous at the QTL is not negligible. For a given trait, this situation could occur on one, but not all QTL.
A first result of this study is that one of the parameters determining the power of QTL detection is the number of parents in the segregating population and not the number of families, which was the parameter that was investigated by Soller & Genizi (1978) ; e.g. with six parents, the same efficiency is obtained with diallel (15 full-sib families) and singleThe Genetical Society of Great Britain, Heredity, 76, 156-165. pair (three families) mating designs. A diallel (or factorial) design should still be used to allow the estimation of dominance components at the QTL level and to prevent confusion of additive and dominance effects.
With the two types of QTL considered, the general trends are similar. Power increases when the variance explained by QTL and/or the population size increase, and when these factors determine a low power level, the power decreases as the number of parents increases. However, at a high power level, it increases as the number of parents increases. Similar results were found by Weller et al. (1990) for half-sib designs. As a consequence, the use of only one full-sib family for QTL detection is often less powerful than the use of mating designs with more parents, especially when QTL effects to be detected explain more than 10 per cent of phenotypic variance. This result is obtained because we considered that the parents, which have different QTL genotypes, are randomly chosen, with no account taken of the expected segregation of QTL in the progenies -it can be unknown. Hence, the QTL effects that effectively determine power are a sample of the QTL variance in the whole base population, to which we referred in explained phenotypic variance. The variance attributable to QTL is better sampled with more than two parents than with only two parents. As far as we know, experimental schemes aimed at detecting QTL in non-inbred plant species using full-sib families used only one family (Groover et al., 1994; Leonards-Schippers et al., 1994) . Groover et al. (1994) used an F2-like strategy to obtain an efficient scheme. We demonstrate with this study that it is generally more prudent to divide the means among several families, involving at least four to six parents.
In a full-sib family design, each individual is used to estimate two contrasts, that between the alleles of its mother and that between the alleles of its father, whereas in a half-sib family design, each individual is used to estimate only one contrast, between the alleles of the common parent. Weller et al. (1990) showed that an effect of about 5 per cent would be detected with 50 per cent power with a type I error of 1 per cent when 1000 individuals from five halfsib families are genotyped. With the same parameters, we found that the power is 90 per cent. Consequently, whenever it is possible, full-sib family designs are preferable to half-sib family designs for the purpose of mapping QTL.
We saw that the minimum size of genetic effect detectable with 90 per cent power was quite large (15 per cent) for a reasonable size of population
(about 300 individuals). Only six QTL of this size would explain 90 per cent of phenotypic variance. One solution to detect smaller QTL effects is to increase the population size. For example, the population size required to detect a 1 per cent genetic effect with 90 per cent power, when the type I error is 5 per cent, is quite high (3000) but is much lower than the population size obtained for the same constraints for independent full-sib families by Soller & Genizi (1978) , which was about 10 000. This is because they considered a two-allelic marker so that a heterozygous offspring of two heterozygous parents gave no information on QTL genotype and was discarded. We considered here a multiallelic marker that is always fully informative. Götz & Ollivier (1992) and Knott & Haley (1992) also showed that the use of fully informative markers would greatly increase the power of QTL detection. A complementary solution to detect smaller QTL effects is to control the genetic part of residual variation with multiple regression.
All the data in this paper give an idea of the means one has to invest to be able to detect a QTL of a given size. However, the gain in power that can be obtained with interval mapping when the recombination fractions between the QTL and marker is not zero should be further studied to give more precise indications. How to use the nearer informative markers to estimate probable genotypes of individuals also needs further investigation.
